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Manyreportshaveshownthatmalarialparasitescanproduce
distinctmorphologicalandmolecularalterationsin themem-
branesof theparasitizederythrocytesl-8,butfewstudieshave
beencarriedout on nonparasitizederythrocytesof infected
animals9-11.We reportherethattheouterlealletof themem-
brane bDayer of nonparasitized erythrocytescontains
significantlylarger amountsof aminophospholipids(phos-
phatidylethanolamine(PE) andphosphatidylserine(PS», than
thenormalredcellmembrane.Thisalterationinnonparasitized
redcellsis probablycausedby Ca1+-inducedcross-linkingof
spectrin,andgraduallydisappearsafterchloroquinetreatment.
The externallocalizationof PS in thesecellstogetherwith
defectivestructureof their cytoskeletalnetworkprovidea
strongbasisforthecomplicationsassociatedwithmalariainfec-
tionlikethrombosis,infarctionandsevereanaemia.
The transbilayerdistributionsof the diacylglycerophos-
pholipids,phosphatidylcholine(PC), PE andPS, in themem-
branesof normalerythrocytesof uninfectedmonkeysaswell
as nonparasitizedred cellsof Plasmodiumknowlesi-infected
monkeyswereinvestigatedusingphospholipaseAz and2,4,6-
trinitrobenzenesulphonica id(TNBS) asexternalmembrane
probes1Z.13.The resultsshown in Table 1 revealmarked
differencesbetweenthetwotypesof cellsaftertreatmentswith
phospholipaseAz. Unlike thenormalintactcells,PE (-31%)
andPS (-15%) in nonparasitizederythrocytesfrom infected
monkeyswerereadilyaccessibleto theenzyme.Almostcom-
plete (92-100%)hydrolysisof all the glycerophospholipids
occurredwhenunsealedghostsof thenormalandnonparasit-
izedcellswereseparatelytreated,in identicalconditions,with
phospholipaseAz.
Treatmentsof bothtypesof cellswithTNBS alsoreflected
notabledifferences(Table2).In thenonparasitizedcells,TNBS
Table1 ErythrocytephospholipidegradationbyphospholipaseA2
Synchronousinfectionsof Plasmodiumknowlesi(WI strain)weremaintained
in healthyrhesusmonkeysasdescribedearlier".The monkeyswerebledwhen
parasiteswereattheschizontstage.Bloodwasdrawnintoheparinizedglasstubes
andwashedthreetimeswithphosphate-bufferedsaline(pH 7.2).Leukocytesand
plateletsfromnormalbloodandleukocytes,plateletsandschizontsfrominfected
bloodwereremovedbymeansof aFicoll-Hypaquegradient'6.Thenonparasit-
izedredcellsthusobtainedwereinvariablycontaminatedwith<1% erythrocytes
thatwereinfectedwithearlyringstageofP. knowlesi,asdeterminedbyGiemsa
staining.ErythrocytesweretreatedwithphospholipaseA2 (purifiedfromNaja
naja snakevenom,HaeffkinInstitute,Bombay)essentiallyin the conditions
describedearlier". After inhibiting the enzyme activity by addition of
o-phenanthrolineandEDT A27,lipidswereextractedfromcells.Thelipidmixture
waschromatographedon silicagel G-60 TLC platesas describedpreviously"
andthetotalphosphoruscontentineachspotwasdetermined28.Thepercentage
of thetotalphospholipidhydrolysedaftertreatmentof redcellswiththeenzyme
wasdeterminedbymeasuringtheratioof remainingdiacylglycerophospholipids
to thecorrespondingIysoderivative.Valuesareexpressedasmean:l:s.d.<5%
cellswerelysedundertheexperimentalconditions.Unsealedghosts,prepared'"
fromboththenormalandnonparasitizedcells,werealsotreatedwiththeenzyme
inidenticalconditions.Almostcomplete(92-98%)hydrolysisof allthediacylgly-
cerophospholipidswasobservedinboththecases.n,Numberofdeterminations.
*Three determinations on each blood sample of five uninfected monkeys and
fourinfectedmonkeys(parasitaemia10-20%).
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Fig. 1 Densitometerscansof gelsstainedfor proteinswith Coomassie
blueafterelectrophoresisof redcellghostson polyacrylamidegelsin the
presenceof SDS (ref.22).a, Normalmonkeyerythrocyteghosts;b,ghosts
of nonparasitizederythrocytesof P. knowlesi-infectedmonkey(para-
sitaemia-12%). The proteinbandsof the normalmonkeyerythrocyte
arenumberedaccordingtothenomenclatureof Fairbanksetal.22.TD,
trackingdye.
. modified both PE (-35%) and PS (-16%) whereasin the
normalcells,onlyPE (-19%) waslabelledbythereagent.The
increasedamountsofPE in theoutersurfaceof thenonparasit-
izedcells,ascomparedwiththenormalcells,didnotarisefrom
thetransmembranerilovemene4of thislipid fromtheinnerto
theoutersurfaceof thecellmembranebecausealmostequal
amountsof PE werelabelledwhenthecellsweretreatedwith
TNBS for 4, 6 and10h. Also, theobserveddifferencesin the
amountsof labelledaminophospholipidswere not due to a
partialreactionwithreagents,asPE andPS werecompletely
labelledwhenunsealedghostsof the twotypesof cellswere
reactedwithTNBS in identicalconditions.Attemptswerealso
madeto usethesemethodsto studythe nonparasitizedcells
obtainedfrombloodofmonkeyswhichdeveloped>30%para-
sitaemia.Invariably,extensivehaemolysisof cellsoccurredon
Table2 Labellingof erythrocyte aminophospholipids withTNBS
Sample
Normalredcells
Nonparasitizedred
cells
n* PS(%)
o
16.10:1:2.43
PE(%)
18.55:1:2.87
34.89:1:2.81
12
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LabellingoferythrocyteswithTNBS wascarriedoutaccordingtothereported
procedure'o.The incubationsweredoneat 20.:l:2.C for 4, 6 and 10h. No
differencesin thepercentageof labellingin theseexperimentswereobserved.
No detectablecell lysisoccurredin all theseexperiments.The percentageof
TNBS labellingwasdeterminedbythetotalphosphorusdeterminationsandalso
bymeasuringabsorbanceof yellowcolourat340nm.Valuesshownaremean:l:
s,d..All theaminophospholipidswerecompletelylabelledwhenunsealedmem-
braneghostsfromboththenormalandnonparasitizedcellsweretreatedwith
TNBS underidenticalconditions.n,Numberof determinations.·Three determinations on each blood sample of four uninfected monkeys and
threeinfectedmonkeys(parasitaemia10-20%).
Sample n* PC(%) PE(%) PS(%)
Normalred 15 57.35:1:4.11 0 0
cells
Nonparasitized 12 48.31:1:4.23 31.31:1:2.40 15.19:1:2.32
redcells
exposingthemto similarconcentrationsof phospholipaseA2
for relativelyshortperiodsof timeandalsoduringtheirtreat-
mentwithTNBS for>4h.However,theamountsofPSlabelled
by TNBS in 4h in suchcellsweresignificantlylarger(-40%)
thanthoseobservedin thenonparasitizedcellsofmonkeyswith
parasitaemia(10-20%).
Accessibilityof differentphospholipidsto phospholipases
andTNBS in intactred cellshasbeencorrelatedwith their
localizationin theexternalleafletof themembranebilayerll.12.
Fromthisstudy,it appearsthatparasitizationof erythrocytes
bythemalarialparasitenotonlyaltersthephospholipidasym-
metryin theparasitizedcellmembrane8,butalsoleadsto an
enormouschangein the transbilayerdistributionsof various
phospholipidsin nonparasitizederythrocytemembrane.As
shownin Table 1, theamountsof PC in theoutersurfaceof
thenonparasitizedcellsseemto be lessthanin normalcells.
ThisredistributionofPC mayhaveoccurredtocompensatefor
theincreasedamountsof PE andPS in theoutersurface.
Theabovestudieswerecarriedoutonagroupoffourinfected
monkeys.The samemonkeysweretreatedwith chloroquine
(20mgperkgfor 3 days).This treatmentcompletelyremoved
circulatingparasites.Similardosesof chloroquinewerealso
givento agroupof threeuninfectedmonkeys.Determinations
of transbilayerphospholipiddistributionsin the erythrocyte
membraneon day30aftertreatmentof theinfectedmonkeys
. withthedrug,revealedthatappreciableamountsofPS(5-8%)
werestillpresentin theoutersurfacewhereasamountsof the
externalPE (18-22%)in thesecellsweresimilarto thoseof
thenormalerythrocytes.Unlikethenormalerythrocytes,phos-
pholipaseA2 couldstill degradePE (9-14%) in thesecells.
Table3 Concentrationsof GSH in erythrocytes
Sample GSH (ILmolperml
packedcells)
2.2:1:0.7
1.9:1:0.3
n
Normalredcells
Nonparasitizedredcells'
10
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Concentrationsof GSH in red cellsweredeterminedby the procedureof
Beutleretal.". Valuesareexpressedasmean:l:s.d.;n,numberof animals.·Parasitaemia10-20%.
However,by day60, the amountsof PE (16-20%)andPS
(none)in theexternalsurfacewerenormal.Chloroquinetreat-
mentsof uninfectedmonkeyshadno effecton redcellmem-
branephospholipidasymmetry.
Recentstudieshaveshownthatstronginteractionsbetween
aminophospholipidsandcytoskeletalproteins(specificallyspec-
trin)probablydeterminephospholipidasymmetryin theeryth-
rocytemembraneI5-17.Thisasymmetryin redcellsis lostif the
spectrincomponentof thecytoskeletalnetworkbecomesdefec-
tiveI4.15.Defectsin thestructureof spectrinmayoriginatefrom
decreasedconcentrationsof glutathione(GSH) or from ele-
vatedlevelsof Ca2+in cells18-21.To look at this,membrane
proteinsof nonparasitizedred cellswereanalysedby SDS-
polyacrylamidegelelectrophoresis22.Similarstudieswerealso
carriedout on normalredcellsof a groupof six uninfected
monkeys.Thegelprofilesofmembraneproteinsofnonparasit-
ized erythrocytesfrom five differentmonkeys(parasitaemia
10-20%) invariablyshowedtwo additionalhigh molecular
weightproteinbands(a and(3,Fig. 1b)of variableintensity,
whichwereabsentin thegelprofilesof thenormalcellghosts
(Fig. 1a). No correlationwasfoundbetweentheintensityof
thetwobandsandtheextentofparasitaemianmonkeys.From
a comparisonbetweentherelativeintensitiesof proteinbands
presentin thegelprofilesof normalandnonparasitizederyth-
rocyteghosts,it appearsthatthetwoproteinbandsarisefrom
cross-linkingof spectrin.To examinewhetherthesebands
originatefromoxidationof sulphydrylgroupsof theproteinIS,
thenonparasitizedcellghostswereincubatedwithdithiothreitol
at37°Cfor 60minbeforetheirextraction.This treatmenthad
Table 4 Ca2+contentsof normalred cellsof uninfectedmonkeysandnon-
parasitizederythrocytesof P. knowlesi-infectedmonkeys
Sample Ca2+(lLgperml
packedcells)
0.61:I:0.39
2.36:1:1.67
n
Normalredcells
Nonparasitizedredcells'
5
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Ca2+contentin red cellswas determinedby atomicabsorptionspectro-
photometryasdescribedbyHarrisonandLong".
· Parasitaemia10-20%.
.noeffectonthesebands,implyingthatthetwohighmolecular
weightproteinsdid not arisefrom oxidationof sulphydryl
groupsof spectrin.Thisisfurthersupportedbyourfindingthat
almostequalconcentrationsof GSH werepresentin normal
aswellasnonparasitizedcells(Table3).Nevertheless,theCa2~
levelsinthetwotypesofcellsweresignificantlydifferent(Table
4). The elevatedlevelsof Ca2+presentin thenonparasitized
cellsarecompatiblewithearlierfindingsthatmalariainfection
in animalsresultsin diminishedlevelsof ATPase activityin
parasitizedaswellasnonparasitizedredcellslO.A partial(or
complete)deactivationof ATPase in thesecellswouldresult
in theelevatedlevelsof Ca2+andconsequentlyactivationof
transglutaminasewhichmayinducecross-linkingof spectrinin
thenonparasitizedcells18-20.
Normalstructureof spectrinseemsessentialfor theinvasion
of redcellsby themalarialparasite23.This meansthatif the
structureof thisproteinbecomesdefectivein thetotalpopula-
tionofnonparasitizederythrocytesinamalaria-infectedanimal
thenfurtherinvasionwouldnot proceed.That parasitaemia
doesregularlyincreasein theinfectedmonkeyssuggeststhat
only a fractionof the totalpopulationof the nonparasitized
cellsbecomesabnormal.This conclusionis supportedby the
observationthatunlikethenonparasitizedcells,erythrocytes
containingmalarialparasiteat the earlyring stagehavePS
locatedexclusivelyintheinnerleafletofthemembranebilayer8.
Previousfindings9.10indicatethat the serumof malaria-
infectedanimalscontainssomeunknownfactorswhichinduce
changesin thenonparasitizedcells.We, therefore,incubated
normalerythrocyteswith serumof heavilyinfectedmonkeys
at 37°C for 2-3 h. Treatmentsof suchcellswith TNBS and
phospholipasehavesofarnotrevealedanyeffectof theserum
butfurtherstudiesareinprogress.
Theseobservedabnormalitiessuggestthatexternalizationof
PS in thesecellscould enhanceblood coagulation24.25and,
therefore,maycausethrombosis.Also thesecells,becauseof
theirdefectivecytoskeletalnetwork,wouldberapidlycleared
fromthecirculationby thespleen18,makingtheanimalsmore
anaemic.
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